I. INTRODUCTION
Over the years, a number of mathematical forecasting models have been proposed to explain the time pattern of the substitution process, that is, the process by which the adoption of a new product or technology spreads and grows to replace an existing product or technology. Well-known forecasting models available from related literature include the Gompertz Curve [1] , [2] , the Pearl Curve [3] , the Mansfield Model [4] , the Blackman Model [5] , the Fisher-Pry Model [6] , the Bass Model [7] , [8] , the Nonsymetric Responding Logistic (NSRL) Model [9] , [10] , the Non-Uniform Influence (NUI) Model [8] , [11] , the SharifKabir Model [8] , [12] , and the Weibull Distribution Model (or Sharif-Islam Model) [13] . In certain cases, the existing models have shown remarkable success, but are not appropriate to the innovation diffusion process in new products or technological substitution. These models consider the characteristics of time patterns or tendency of historical data, but do not take major factors determining actual market demand for technological products into consideration. Further, aggregate diffusion rate forecasted from these models generally shows only steady-state increasing phases toward an upper limit in any long-run observation periods, while ignoring abandonment process. Therefore, to deal with various situations, characteristics and major factors in the real world, new approaches and methodologies are necessary. With these considerations in mind, we propose a widely applicable stock-based diffusion model as a conceptual framework. This model is based on the major underlying factors of market penetration and actual demand, such as the level of income, price, stock and depreciation, and consumer tastes or preferences. The model is developed in order to overcome the limitations of the existing mathematical and statistical S-shaped growth models which generally do not consider the decreasing phase of aggregate diffusion rate along the product life cycle, sometimes resulting from the emergence of competitive new products or technological changes and preference changes. It also explains the dynamic relationships among purchases, consumption, and stock of a technological product and major factors determining market demand.
This article is organized as follows: Section II presents common limitations of existing forecasting models available in the literatures; Section III presents theoretical framework and assumptions employed, followed by the formal derivation of the model in Section IV; Some empirical results are presented in Section V to illustrate the wide applicability and the usefulness of our model; and Section VI concludes the paper. The Appendix presents detailed properties of representative forecasting models for the purpose of comparing empirical results of those models to those of our model.
II. COMMON LIMITATIONS OF EXISTING MODELS 89
nonlinear chronological series during specific periods of time. Their approaches are based upon extensions of adopted series since they assume no important intervention in any of the factors underlying the series employed. In the areas of marketing and technological changes, many researchers have focused on linear combinations or modifications of some basic models (like the exponential and the logistic models) and the time-varying nature of the diffusion coefficient, as well as the influence of dynamic potential adopters on diffusion process [14] . One of the major considerations for modeling work in existing technological substitution models is to determine the steepness of the curve and the point at which inflection occurs [13] . It is helpful to review these models for understanding the functional properties and the conceptual availability of the S-shaped growth models.
Some of the relations between the logistic curve and the Gompertz curve have been investigated by the Sharif-Kabir model [9] including the Floyd curve [15] , which has analytical properties similar to the Gompertz curve. The logistic curve is known as the Pearl curve (or Pearl-Reed curve). The Mansfield model, the Blackman model, and the Fisher-Pry model are actually slight modifications of the Pearl curve, and the NSRL model is a type of the NUI model [8] , which is enhanced from the Bass model. Detailed characteristics and limitations of these representative models are reviewed in the Appendix.
There are several limitations in these existing models. First, a number of models developed since Bass (1969) [7] are types of sophisticated recursive models where the previous periods data should be used to forecast this period diffusion rate. This recursive nature of these models significantly inflate their explanatory power since they adjust models parameters for each period by fitting most recent actual data. Thus, they are not appropriate for multiperiod ahead forecastings. Second, since these models focus only on the "adoption" process while giving little consideration to the "abandonment" process [16] , the number of aggregate adopters is characterized as being non-decreasing. However, the chronological series of demand for technological products may show tendencies to abruptly increase or decrease because many specific factors for the market demand may be responsible for intervention in the series. Especially, the emergence of specific competitive new products makes market demand brisk and initial growth rapid. As time passes, the effect on demand for new products or technical change tends to be reduced, while at the same time the market does not continue to expand as rapidly as before. Aggregate diffusion rate or the number of aggregate adopters may also be retarded and gradually decline with the emergence of other new products or technologies and changes in consumers' preferences. Third, there is also another difficulty in applying the existing models. In spite of the obvious purpose of forecasting models to forecast the innovation diffusion trend for new products or new technolo-gies, application of existing models is not easy because of the difficulties in obtaining sufficient market data on new products or technologies. When a number of new products are to be introduced into the market, according to our experience, it is very difficult to carry out a market survey and obtain reliable data to facilitate appropriate demand forecasts. Finally, while these models mainly attempt to determine the steepness and shape of the curve and to model the time pattern of the technological change by using mathematical techniques, they do not consider major factors determining market demand for technological products. Although these models are still applied widely in various practical forecasting areas and enlarge their domains [8] , [14] , they generally lack in some theoretical linkage with microeconomic theory of consumer behavior.
III. CONCEPTUAL FRAMWORK AND ASSUMPTIONS
The conceptual framework developed here attempts to overcome the common limitation of the existing S-shaped asymptotic growth models that mostly assumes the aggregate diffusion rate to approach an upper limit in the long run, which may not be the case for technological products. In order to overcome these limitations, we attempt to formalize a typical adoption process by considering consumption or depreciation (or abandonment) as well as purchases and stock, and the dynamic relations among them. We attempt to analyze the dynamic relationship among purchases, consumption, and stock of a technological product as well as stock change process. As presented above, purchases and stock are related but distinctive concepts of interests. Empirical investigation, however, is limited to the formula for stock because the analysis of diffusion rate is most appropriate for the change in stock. Existing models generally give little consideration to the cumulative consumption or depreciation and, thus, cumulative adopters are assumed to monotonically increase. In reality, this is not always the case since previous adopters can become non-adopters by dropping (through either consumption or depreciation) out of service from products. We define cumulative adopters as the stock at any time, equivalent to cumulative purchases net of cumulative consumption or depreciation. This relationship can be shown in the following graphical form: Sometimes we find that the level of the expected demand estimated from questionnaire results are very different from the level of the actual demand revealed. Furthermore, there should be quite a difference between effective demand and potential demand. Especially the effective demand for high technology products in most of the nations, except a few advanced nations, may have an immaterial increase or no increase and may be actually impossible to reach up to the amount of potential demand. Therefore, emphasis should be on the major determinants of the effective demand. The theory of consumer behavior and demand is based on the assumption that consumers attempt to allocate limited money income into available goods and services so as to maximize their satisfaction. This means that each consumer has a maximum amount that can be spent per period of time. Given this constraint, we can further assume that consumers allocate their income in order to purchase the minimum necessary quantities or subsistence quantities for a group of commodities first, and then allocate supernumerary [17] to purchase exceeding quantities in accordance with their criteria for expenditure.
One of the important factors determining quantity demanded is the level of money income of members of the society under consideration. In large part, the increase in money income accounts for the relative decline in the consumption of basic necessities and the rise in the consumption of more expensive and highly advanced goods and services. Thus, it is very rare that the demand for new technological products is realized up to a sufficient level unless purchasing power is reached up to a certain level of income. Fig. 2 shows the effect of an increase in income on the demand for technological products. The quantity demanded for a commodity depends on the price of the commodity and many other commodities. The quantity demanded increases as the price of the commodity falls, ceteris paribus. As its price falls, a commodity becomes less expensive relative to its substitutes, and it is, therefore, easier for the commodity to compete against these substitutes for consumers' expenditure. In the case of a new technological product, its price is set high in the early stage, but falls quickly due to technological progress, cost reductions, improved methods of production, and economies of scale. Stocks for durable goods or stocks of habits for nondurable goods and services also affect the quantity demanded, as suggested by R. Stone [18] and H. S. Houthakker [19] . In the case of durable goods, consumers are apt to buy a portion of their level of stocks rather than their whole level of stocks that they would eventually wish to hold at current levels of income and prices, by using the modern credit system. In the case of nondurable goods and services, purchasers are likely to buy a certain proportion of the stocks or the stocks of habits to bridge the gap between the desired level and the stock held at the beginning of the period. Associated with each equilibrium level of stocks, there is an equilibrium level of purchases, which is partly a replacement demand and partly a new demand sufficient to maintain stocks at the desired level. Therefore, the quantity of a commodity purchased in any period partially depends on the depreciation or consumption of the existing stock in the period.
We can also consider the preferences or tastes of consumers as one of the important factors affecting quantity demanded. The preferences or tastes in turn depends on the necessity, usefulness, convenience, and technological competitive power, etc. Changes in preferences or tastes may, however, be the result of economic activities and technological innovations. Whenever preferences or tastes do change, the quantity demanded will increase for commodities that have come into favor and decrease for those that have gone out of favor.
The aggregate diffusion rate in the growth industries, like information and telecommunications, tends to show a steady-state increase pattern annually. However, individual aggregate diffusion rates for a particular product may represent a typical product life cycle pattern with a potentially decreasing phase after a saturation point. The potential decrease of aggregate diffusion rate is not well explained by existing diffusion forecasting models. The cycle pattern and the position of the saturation point in the market demand for technological products can be expected to depend on several factors mentioned in this Section. More formally, the major factors determining the market demand discussed above as basic assumptions in the present framework are summarized as follows: a) Consumers allocate their limited money income in order to purchase the basic subsistence quantities or minimum necessary quantities for a group of products first, and then allocate supernumerary to purchase exceeding quantities and luxuries or higher technology products in accordance with their criteria for expenditure.
b) The quantity demanded for a product depends on the level of money income and relative price of the product under consideration.
c) The quantity demanded for a product depends on the level of stock, depreciation or its consumption.
d) The quantity demanded for a product depends on the preferences or tastes, which in turn depend on the necessity, usefulness, convenience, and technological competitive power of the product.
IV. THE MODEL AS A FRAMEWORK
By incorporating the above assumptions, the formulation of a framework is given here in terms of a period analysis. The period analysis is employed here since it can capture different patterns of technological substitution made by the development of new technologies as time passes. The adaptive framework is very flexible in a sense that it can be symmetric and nonsymmetric as well as asymptotic and nonasymptotic, at the point of inflection responding to the substitution process. The discrete formulation is approximated by a parallel continuous form which leads to closely similar results.
Following the linear expenditure system [17] , we can suppose that a typical consumer would spend all his income to purchase available commodities or products including financial products in the market. Let Y be the consumer's income; let p i be the market price of product i and Q i be the demanded quantity for i. Then the consumer's income is equivalent to the sum of spendings on the products purchased during a given time period. That is
Consumer's total satisfaction from spending his income on all the products available for given his money income and current prices of products can be denoted as follows:
The above assumption (a) in Section III states that the consumer assigns his income on the basic subsistence or minimum necessary quantities of a large variety of different products first, and then assigns his supernumerary on additional expenditure for products in accordance with alternative criteria for expenditure. This can be expressed by Stone's utility function.
where U D log U , b i is the marginal budget share or marginal propensity to consume for product i of supernumerary in any period and
is the supernumerary quantity purchased of the product i during the period, and r i is the minimum necessary quantity of the product i in the period. (1) includes both subsistence income and supernumerary, that is
Differentiating p i Q i with respect to Y P p i r i gives
By dividing (4) by price, p i , and introducing the time period concept, the basic formulation of demand function for product i is obtained as follows:
(6) is a static formulation of demand, which depends on the minimum necessary quantity, the marginal budget share for the product, the price and the money income. Now a dynamic model can be considered with a time lag to examine characteristics of changes in the quantity demanded. Let Q t be the quantity to be purchased for product i during time t. As stated in the assumptions of previous Section III, the quantity of product i purchased in any period depends on the level of money income, relative price, stock adjusted for depreciation or habit of consumption, and preferences or tastes. With these assumptions, the basic demand (or purchase) function is formulated as follows: (For a notational simplicity, i is suppressed.)
where S is the level of stock, and T is preferences or tastes. (7) can be transformed into a linear form of demand function [18] , which can be easily expressed as
Thus, the quantity to be purchased during time t can be represented as a form of distributedlag demand function as follows;
Substituting (6) for time t 1 into (9) yields
Dividing both sides of (10) by the level of potential quantities demanded by ultimate adopters of the period, denoted by Q p , we obtain the following rate equation of purchase during time t
Now let us transform all terms of (11) into those with more common expressions so that empirical estimation becomes feasible. First, the second term in the first bracket of (11) is examined. The consumer's money income in (4) can be divided into two parts, subsistence income and supernumerary.
where a is the marginal budget share of income for the minimum necessary quantity of a group of products. In order to express the above equation in terms of aggregate diffusion rates, we make some mathmatical arrangements. Multiplying both denominator and numerator by Q t , the level of quantity which consumers would eventually wish to hold at current levels of income and price, the righthand side of (12) takes the following form :
Note that the quantity purchased in any period is the sum of replacement demand, equal to the depreciation or consumption of the period, and net investment. Consumption is assumed to be a continuous process which uses part of both initial stock of the period and purchases made during the period. Similarly, due to consumers' limitation of disposable income, they purchase only a certain fraction of the desired level of quantity which they would eventually wish to hold at current levels of income and credit. The purchase made during the period is equivalent to the sum of the minimum necessary quantity and net addition of the quantity which consumers wish to purchase during the period. It is further assumed that consumers are always likely to keep their minimum units of stock and the adjustment to a new level of stock and consumption is normally spread over more than a single period. Therefore, the quantity purchased, Q t , is a fraction of the stock, Q s t , and the minimum preliminary arrangement stock for consumption at time t, Q s t 1 , is a fraction of the expected upper limits of stock at time t, Q t . These relations can be specified as
For the present applications, the parameters, h and a, are assumed to be constant over time. (13) can then be rewritten as
where Q s t 1 =Q p is the aggregate diffusion rate revealed from potential purchases for product i at time t 1, and Q t =Q p is the upper limit of the aggregate diffusion rate. Setting Q s t =Q p D y t and Q t =Q p D k, (13) can be rewritten more compactly as
Similarly, using properties stated above, a compact expression can also be obtained for the first term of the first bracket in (11) as follows:
Now let us consider b 3 1S t =Q p , the third term of the right-hand side of (11) . The stock at time t, S t , can be expressed as
where D t is the quantity of depreciation or consumption over a period of time t. Introducing the rate of depreciation or consumption for a certain product, d, which is assumed to be a constant proportionate ratio, as a mean value during its durable year, n, the relationship among the stock, the purchase, and the depreciation or consumption can be expressed as given below.
From a slight adjustment of (18), a difference equation of stock responding the passage of time as follows:
where i is the time period backward, starting from t. It is impossible to survey all of the quantities purchased so as to find the level of depreciation or consumption. This suggests that another approach be required for a practical purpose. By using an artificial mean value of the rate of depreciation over time in existing stocks for the same product, an indirect measurement method can be developed and an approximate value can be calculated. Since the difference of depreciations between period t and t 1 in (19) is dQ t CdQ t 1 C CdQ t nC1 , the level of depreciation during period t has the ETRI Journal, volume 18, number 2, July 1996
following relations:
Then, D, mean value of dQ i , can be proved as having the following function of current stock:
where ı
is the rate of average depreciation for stocks up to period t, and j. j Ä n/ is the number of time intervals between the time of initial adaptation and current time t, which are labeled as 1, 2, 3 starting from t, and (20) , and (21) gives simple expression of D t as follows:
Now, substituting (22) into (17) and then replacing S t of the right hand side with (8) yields the following difference equatiion:
Following this result, we convert b 3 1S t Q p of (11) as given below:
.ıQ t ır t ıb 1 Y t ıb 2 P t ıb 4 T t / j Q p Using (15), (16) , and (8), (24) can be transformed into the following simple expression:
where 
where
/ is the sum of influence coefficients from the individual components of the change in demand consisting of change in minimum necessary quantity .1r t /, change in income .1Y t /, change in price .1P t /, and change in tastes .1T t /. Substituting (15) , (16), (25) , and (26) into (11) yields the following final formula for the purchase rate relative to potential purchases:
which can be referred to as the purchase rate equation relative to potential purchases. This equation implies that purchase rate is determined by level of stock and difference between rate of depreciation or consumption .ı/ over the useful life of a product and the sum of influence . / of income, prices, and tastes and change .Á/ in them on purchase. From (25) , the formula for the aggregate diffusion rate equation of current stock relative to potential purchases can be approximately derived the following continuous form:
(28) is our final formula for the aggregate diffusion rate equation of the current stock of the model, which can be widely applicable for forecasts of the aggregate diffusion rate of technological products in the market, the rate of stock, and market penetration process of various new goods and services. The first exponent of (28) represents the level of initial value for y t , the second exponent represents the positive influences by the changes of income, price, stock, depreciation or consumption, and tastes, and the third exponent represents their negative influences by other substitutes. Fig. 3 .
The model can accommodate different patterns of technological substitution frequently made in technological product market. It allows the S-curve to be symmetrical and nonsymetrical as well as asymptotic and nonasymptotic, with the point of inflection responding to the substitution process. It incorporates demand determinants for technological products. By doing so, as far as technological products are concerned, our model can be widely applicable for forecasting diffusion rate in target market, rate of change in stocks and purchases, and market penetration process.
V. EMPIRICAL TESTS AND RESULTS
In order to illustrate the effectiveness and generality of our model, time-series data of diffusion rate for some typical products in electronics and telecommunications market were examined. We collected data from several sources, most of which are published by the respective governments, and selected some durable and service products with available data [20] - [22] . The durables included were black and white televisions, color televisions, personal computers, and VCRs in Korea and Japan, and service products included were telephone service subscribers, paging subscribers, and cellular service subscribers in both countries. Furthermore, in order to assess the relative performance of the proposed model, these products were also analyzed by using the existing famous models such as the Pearl Curve, the Gompertz Curve, the Weibull Distribution Model, the Bass Model, the NSRL Model, and the NUI model. The best model is considered to be the one that shows lowest mean squared error (MSE) and highest adjusted R 2 . The associated parameters of above models were estimated through appropriate linear and nonlinear regression analysis algorithms, like the least squares method and Gauss-Newton method. In each case the deterministic model that best fitted the data was obtained. That is, these algorithms searched for the parameter values that most closely approximated the actual diffusion curve. MSE is calculated by sample average of sum of squared one-step-ahead forecasting errors. Estimates of the presented model's parameter, MSE, and R 2 for some technological products are shown in Tables 1-2. For each durable and service product selected, MSE and R 2 are shown in Tables 3-6 . Tables indicate that proposed model fit the data on diffusion of durable and service products remarkably well in all cases. For all cases applied, adjusted R 2 statistics of our model show the higher values than any other existing model. Specifically, the proposed model predicts the technological substitution process from black and white TV to color TV very accurately reflecting actual replacement taking place in the market. For other products, it took as if there are little significant improvements of the proposed model compared with existing models. However, if those products are replaced by new products, which is commonly the case in the technological product market, the differences in the explanatory power between the proposed model and existing models would be greater than they are shown in Tables 3-6 . Further, if empirical tests can be performed by using more refined categories of products within each product type actually grouped in the tests (e.g., the models 286, 386, 486, and 586 within personal computer product), the proposed model would show more significantly higher explanatory power than existing models.
Although not reported here, the visual fit of our model is the best of all models empirically tested in this study. Therefore, our model is obviously better than other existing models in that it has higher explanatory power and lower forecasting errors. It can be seen from the empirical results that the historical data confirms the long-range predictions of our model. It also demonstrate its ability to handle problems other than technological substitution.
VI. CONCLUSIONS
This study develops a widely applicable innovation diffusion model based on a conceptual framework characterizing several factors determining market demand for technological products. The model is developed partly to overcome certain limitations in existing growth models currently used for forecasting market demand for new products. Our model is developed by using assumptions commonly employed in the area of market demand and consumer behavior analyses in economic theory. Discussed are major underlying factors of market penetration and actual demand, such as the level of income, price, stock and depreciation, and tastes or consumer preferences.
In order to test the applicability of our model for actual data, certain durable and service products in electronics and telecommunications market are examined in both Korea and Japan. The empirical test results indicate that our model has higher explanatory power than any other existing model in all cases tested. Results further suggest that the model can be widely applicable for trend analyses and forecasts for diffusion rates of technological products in markets, rate of change in stocks and purchases, and market penetration processes of various new goods and services.
The results of this study should be considered within the content of its limitations. The first limitation is certain parameters including purchases coefficient and depreciation coefficient are assumed to be constant over time. This assumption is employed to enhance the mathematical tractability of model derivation process. The second limitation is that the diffusion model in this study eventually degenerates into a function of time only with all economic factors considered being parameters to be estimated.
Technological forecasting on the basis of trend extrapolation implies the assumption that things are going to change in the future more or less the same way as they did in the past. Even though there exist a very large number of diversified factors, all interacting and jointly contributing to the process of change, the assumption is normally valid, since some factors accelerate the process while others retard it, and the overall tendency normally devi-ates little from an extrapolated central trend. However, when there is a significant change in the circumstances influencing the elements of forecast, a practical forecasting model has to be dynamic in nature and responsive to these exogenous influences.
APPENDIX
This appendix presents the detailed characteristics of representative existing models discussed in the body of the paper. The typical equation for the Gompertz curve is
where k is an asymptote. The growth rate of Gompertz curve can be represented by
and
Death of railway employees, accidents in factories, specific death rates, and other declining series might be described by a Gompertz curve having a lower asymptote at the right. When 0 < a < 1 and 0 < b < 1, the value of Y approaches k, the upper asymptote, and shows Sshaped asymptotic growth curve. This curve has a fixed inflection point, f D 0:367, where f is the fraction of the upper limit achieved, and shows relatively fast ratio of increase at the early stage. The Pearl curve was developed to describe the growths of an albino rat, of a tadpole's tail, of the number of yeast cells in a nutritive solution, of the number of fruit flies in a bottle, and the population growth in a geographical area. The equation for the Pearl curve [3] is
Setting e a bx D , the growth rate of can be expressed as 
where L is the upper limit, F.t/ is the fraction of the upper limit achieved at time t,˛> 0 is a scale parameter, andˇ> 0 is a shape parameter. Here,˛andˇtogether determine the steepness of the curve, whileˇalone determines the shape of the curve. Depending on the value of the Weibull curve becomes left skewed, symmetrical, or right skewed. Thus, the Weibull distribution model can be applicable for a wide variety of technological forecastings. But it cannot select any reference year as t D 0 for the purpose of regression analysis, because in the Weibull distribution, F.t/ D 0 at t D 0 and F.t/ approaches its limit as t approaches infinity. Therefore, the base year can only be estimated by trial and error with the correlation coefficient as the criteria [13] .
The Bass model is derived from a hazard function (the probability that an adoption will occur at time t given that it has not yet occurred) [8] and is formulated as a new product growth model for consumer durables on the basis of the assumption that the timing of a consumer's initial purchase is related to the number of previous buyers [7] . The assumptions of the Bass model are similar to the theoretical concepts emerging in the literatures on new product adoption and diffusion, as well as to some learning models, and the theoretical framework stems mathematically from the contagion models which have found such widespread application in epidemology [4] , [7] . The equation [7] , [8] Easingwood, Mahajan, and Mullar have suggested the nonuniform influence(NUI) diffusion model that overcomes these limitations of the Bass model which considers the coefficient of imitation as symmetrically varying over time. The equation [8] , [11] 
